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ABSTRACT 
Sufficient data currently exist to propose a shear-wave velocity model for the near-surface deposits in southwestern British Columbia. 
This model has been developed in order to estimate shear-wave velocity profiles where such data are lacking but where he stratigraphy 
is known, primarily for seismic microzonation mapping. In general, Pleistocene deposits that have been overridden by glaciers have 
shear-wave velocities greater than 400 dsec .  Consequently, little amplification of ground motion due to soil conditions would be 
expected in these deposits. However, Late Pleistocene deltaic and glaciomarine deposits that have not been overridden by glaciers, 
and Holocene deltaic, alluvial, lacustrine, shoreline and organic deposits have average shear-wave velocities between 75 and 330 
dsec .  Where sufficiently thick, these deposits are susceptible to moderate to high amplification of ground motion. In these Late 
Pleistocene and Holocene deposits, average shear-wave velocity increases with grain size. The data presented here are preliminary, 
and additional data are required for a reliable characterization of some environments. 
INTRODUCTION 
The shear-wave velocity (Vs) structure of near-surface 
deposits is a key factor for assessing the relative earthquake 
hazard in seismically active regions. For example, the 
National Earthquake Hazard Reduction Program (NEHRP) 
site classes for estimating amplification of ground motion are 
based on the average Vs of the upper 30 m see Table 1; 
Building Seismic Safety Council, 1994). The objective of this 
paper is to propose a Vs model for near-surface deposits in 
southwestern British Columbia, so that the Vs structure of 
surficial deposits can be estimated where Vs data are not 
available, and to focus attention where additional Vs data are 
needed. Vs estimates based on this model are intended 
primarily for seismic microzonation mapping and planning 
purposes and should not replace measurements required for 
building design or for major projects. 
This paper focusses on the Fraser Lowland, which extends 150 
km east of the Strait of Georgia along the course of the Fraser 
River, and on the Nanaimo Lowland, which is located along 
the east coast of Vancouver Island (Fig. 1). The region is one 
of the most seismically active in Canada, and includes the 
urban areas of Vancouver and Victoria (Rogers, 1998). This 
proposed Vs model builds on earlier models developed by 
Monahan and Levson (1997) for the Greater Victoria area and 
by Hunter et al. (1999) for the Fraser River delta, which 
underlies the southern parts of Greater Vancouver. 
The largest Vs dataset in the region is in the Fraser River delta, 
where Vs data have been recorded at 260 sites by surface 
refiaction, spectral analysis of surface waves (SASW), seismic 
cone penetration tests (SCPTs), and downhole logging in 
cased boreholes (Hunter, 1998; Hunter et al., 1998a, 1998b, 
1999). In addition, Vs has been estimated fiom P-wave 
petroleum industry seismic reflection data at 180 other sites in 
the delta (Hunter et al., 1998a, 1999). Elsewhere in the region, 
Vs data have been recorded using SCPTs and SASW tests at 
20 sites in the Chilliwack area, at the eastern end of the Fraser 
Lowland, and at 19 sites in the Greater Victoria area, primarily 
in support of seismic microzonation mapping projects by the 
British Columbia Geological Survey (Levson et al., 1996a, 
1996b, 1998; Monahan and Levson, 1997; Monahan et al., 
1998, 2000a, 2000b). Vs data have been obtained for this 
study at 2 additional sites in the Greater Vancouver area (1 
downhole and 1 SCPT), and one site on the east coast of 
Vancouver Island. Almost certainly, additional data have been 
generated at other sites in the region, but these data are not 
available to us at this time. 
In this paper, Vs measurements are assigned to specific 
stratigraphic units. In the case of SCPT data, stratigraphic 
units are identified on the basis of their signature on CPT 
profiles (see Monahan and Levson, 1997; Monahan, 1999). 
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Some of the CPT profiles have also been published by Woeller 
et al., (1993, 1994). In the case of SASW data, stratigraphic 
units are assigned on the basis of nearby boreholes. 
The Vs average (VsAv) for each stratigraphic unit is calculated 
by: 
where: h = the interval thickness, and t = the interval shear- 
wave travel time for each VS measurement (Le. Wt). The VsAV 
results are summarized in Tables 2 to 4, 2 1 standard 
deviation. The "d' values shown on the tables refer to the 
number of Vs measurements in each stratigraphic unit. 
Similarly, Vs30 for defining the NEHRP site class at a specific 
site is also calculated using equation 1, down to a depth of 30 
m (Table 1; Building Seismic Safety Council, 1994). In this 
paper, we focus on the shear-wave velocity structure of the 
upper 30 m, primarily for application to the NEHRP site 
classes, which we have been using for estimating the 
amplification of ground motion hazard in seismic 
microzonation mapping (Levson et al., 1996b, 1998; Monahan 
et al., 1998,2OOOa, 2000b). 
In uniform materials, Vs increases with effective overburden 
stress. Vs can be normalized to a particular reference stress 
(usually atmospheric pressure) by the following: 
where: Vsl = shear-wave velocity normalized to 1 atmosphere; 
Pa = atmospheric pressure; o'=effective overburden stress; and 
v = Vs stress exponent, which usually varies from 0.5 in 
normally consolidated clays to 0.25 in normally consolidated 
sands (Robertson et al., 1992; Olsen, 1994). In thick 
stratigraphic units, where Vs varies significantly with depth, 
Vsl, v, and VsAV for various depth ranges are also reported 
here, so that VS profiles can be estimated for a variety of 
depths (Tables 2 to 4). 
In the proposed model, the near-surface deposits of the region 
are divided into four principal units: bedrock; older 
Pleistocene Sediments, which includes the Vashon Till of the 
Late Wisconsinan Fraser Glaciation and earlier Pleistocene 
deposits; Capilano Sediments, which were deposited at the 
close of the Fraser Glaciation, when sea level higher than 
present; and Salish Sediments, latest Pleistocene and Holocene 
deposits formed when sea level had dropped to near to its 
current level (Fig. 2). 
BEDROCK 
Vs data have not been measured directly in bedrock in any of 
the datasets available for this study. In the Fraser River delta, 
Vs in the underlying sedimentary bedrock has been estimated 
by Hunter et al. (1999) to range between 1000 and 2500 d s e c  
on the basis of P-wave reflection seismic data. An upper 
bound for bedrock Vs in the region is provided by Fallows 
(1994), who determined Vs in the upper crust is generally 
close to 3600 d s e c .  Near-surface bedrock Vs is probably 
lower due to the presence of open fractures. Deeply weathered 
bedrock has generally been eroded due to glaciation, so that 
VS in bedrock probably exceeds 1000 dsec .  Consequently 
bedrock sites are in NEHRP site classes A and B, and are not 
susceptible to amplification due to geological materials. 
However, topographic amplification could locally occur on 
bedrock hills. 
Table 1. NEHRP categories for soil susceptibility to ground 
motion amplification (Building Seismic Safety Council, 1994; 
susceptibility ratings fiom Klohn-Crippen 1994). 
Site General Definition* Susceptibility 
Class Description Rating 
A Hardrock Vs3o> 1500 Nil 
B Rock 760< Vs30<1500 Very Low 
C dense soil 360< Vs30<760; or Low 
and soft >3 m of soil over 
rock bedrock, where 
Vs30>760 d s e c  
D Stiff soils 180< Vs30<360 Moderate 
E Soft soils Vs30< 180; High 
F Peatand Peat thickness Very High (?) 
or >3 m soft clay 
highly >3 m 
organic clays 
* Vs30=average shear-wave velocity in upper 30m, d s e c  
Fig. 1. Map of southwestern British Columbia, showing areas 
mentioned in the text. Outline ofthe Fraser and Nanaimo 
Lowlands from Holland (1976). 
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Fig. 2. Stratigraphic chart of the near-surface units discussed in this paper, with average shear-wave velocities. 
OLDER PLEISTOCENE DEPOSITS 
Older Pleistocene deposits comprise the Vashon Till of the 
Late Wisconsinan Fraser Glaciation as well as earlier glacial 
and non-glacial deposits (Armstrong, 1984; Clague, 1994). 
These deposits have been overridden by thick glaciers and 
consequently are overconsolidated and have relatively high Vs. 
These deposits commonly form rolling uplands up to 200 m 
above sea level in the Fraser and Nanaimo Lowlands. 
In the Greater Victoria area, VSAV for the Older Pleistocene 
deposits is 475278 d s e c ,  based on SASW data from surface 
to 15 m depth at 3 sites (Table 2). In vicinity of the Fraser 
delta, VS in older Pleistocene deposits varies fiom 400 to 1200 
d s e c  (Hunter et al., 1999). These values were recorded fiom 
the surface to 300 m depth, and generally increase with depth. 
However, where these deposits occur beneath Holocene deltaic 
deposits in boreholes at depths less than 30 m, VsAV is 359+66 
d s e c  (n=3 1). 
For mapping purposes, VsA" in older Pleistocene deposits 
varies between 400 and 600 d s e c ,  and most sites where these 
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deposits occur at the surface would be in NEHRP site class C, 
which has low susceptibility to amplification. Consistent with 
this assessment, standard penetration test blowcounts in these 
deposits generally exceed 50. However, lower velocities occur 
below some parts of the delta. 
Table 2. V ~ A V  of Bedrock, Older Pleistocene and Capilano 
Sediments 
Stratigraphicunit VSAV VsAV Vsl* v** Comments 
d s e c  <30m d s e c  
d s e c  
bedrock 1000- in Fraser 
2500 Delta area 
(Hunter et al., 
1999) 
Older Pleistocene: 475278 475278 400-1200 
Victoria region (n= 17) (n= 17) d s e c  in 
Fraser Delta 
area (Hunter 
et al., 1999) 
Capilano: raised 330255 330255 
delta (n=17) (n=17) 
Capilano: raised 192240 192240 
delta - delta slope (n=10) (n=10) 
Capilano: grey clay 140232 137230 135 0.33 VSAV= 




Capilano: brown 201249 201249 
clay facies of (n=3 1) (n=3 1) 
Victoria clay 
facies of Victoria (n=7) (n=7) probably 
Capilano: sand 15924 15924 VSAV 




Capilano: normally 189+50 160232 130 0.43 V s A y  
consolidated clay (n=48) (n=26) 146+25dsec 
in Fraser Lowland shallower 
than 20 m 
(n= 161 
Capilano: over- 147215 147215 
consolidated clay (n=3) (n=3) 
in Fraser Lowland 
* normalized Vs, and ** Vs stress exponent; see equation 2 
CAPILANO SEDIMENTS 
The Capilano Sediments were deposited at the close of the 
Fraser Glaciation when sea level was up to 200 m higher than 
present, approximately 13,000 to 11,000 I4C years B.P. 
(Armstrong, 1981, 1984; Clague, 1994). They include raised 
coarse-grained deltas, raised beaches and glaciomarine silts 
and clays. These deposits have not been overridden by 
glaciers. V, are available in the raised deltas and glaciomarine 
silts and clays (Fig. 2). 
Raised Deltas 
Vs data have been obtained at the Colwood delta, a raised 
delta and glaciofluvial outwash deposit west of Victoria. Like 
many others in the region, this delta consists primarily of sand 
and gravel. At two sites on the delta and outwash plain, VsAV 
is 330255 d s e c  at depths up to 11 m (Table 2). At a site on 
the delta margin, which is underlain by sand and silt, VsAV is 
192240 d s e c .  The deltaic sediments are likely to become 
finer with depth, and may locally include sediments as fine as 
those seen on the delta margin. Consequently, where these 
deposits are sufficiently thick, they generally are in NEHRP 
site class D, which is susceptible to moderate amplification 
(Monahan and Levson, 1997; Monahan et al., 2000a, b). 
Glaciomarine Silt and Clay 
Capilano glaciomarine silt and clay are widespread on 
Vancouver Island and the western part of the Fraser Lowland 
(Armstrong, 1981, 1984; Nasmith and Buck, 1998). Vs data 
have been acquired in the Capilano glaciomarine silt and clay 
unit at several sites in the Victoria area, where it is called the 
Victoria clay. 
Three distinct facies can be recognized in the Victoria clay 
(Figs. 2, 3 and 4; Monahan and Levson, 1997; Nasmith and 
Buck, 1998). A lower, soft to firm, grey clay facies partially 
infills an irregular bedrock surface and is locally up to 30 m 
thick. An upper desiccated, stiff, brown clay facies 2 to 6 m 
thick overlies the grey clay facies in low-lying areas, but 
overlies bedrock directly on bedrock knolls. The Victoria clay 
commonly coarsens slightly upward, and a thin sand facies 
occurs locally near the top. 
The grey clay facies is normally consolidated to slightly 
overconsolidated (Nasmith and Buck, 1998), and VsAV in this 
unit is 137230 d s e c ,  where it occurs shallower than 30 m 
(Table 2). In the brown clay facies, which is overconsolidated 
due to desiccation, VsAV is 201249 d s e c .  VSAV is 15924 
d s e c  in the sand facies at two sites where the sand facies 
overlies the grey clay facies and the brown clay facies is absent 
(Fig. 4). However, VsAV in the sand facies is likely to be 
higher where it is associated with the brown clay facies. 
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Fig. 3. SCPT profile in Victoria Clay (Capilano glaciomarine 
silt), Rf=fiiction ratio, qt=tip resistance, Vs= shear-wave 
velocity. Note that the upper part of the grey clay facies is 
slightly overconsolidated - qt and VS decrease with depth. 
Estimated V,,, at this site is 248 d s e c  (NEHRP site class D), 
assuming 5 m of older Pleistocene deposits beneath the grey 
clay facies and Vs in bedrock=1500 d s e c .  
The NEW site class and the degree of ground motion 
amplification at Victoria clay sites are dependent upon the clay 
thickness. Areas where the Victoria clay is a few metres thick 
and consists entirely of the brown clay facies are in NEHRP 
site classes B or C, and have low susceptibility to ground 
motion amplification. However, areas where the grey clay 
facies is thick are in N E W  site class D or E, which are 
susceptible to moderate to high amplification. Furthermore, 
areas of thick grey clay could also be assigned to NEHRP site 
class E if more than 3 m of soft clay is present (Monahan and 
Levson, 1997; Monahan et al., 1998,2000b). 
Vs data have been obtained in the Capilano glaciomarine silt 
and clay at one site near Langley in the Fraser Lowland (Fig. 
2). There, the silt and clay is 50 m thick. In the thin 
desiccated crust, VsAV is 147+15 d s e c  (Table 2). In the 
underlying normally consolidated clay, VsAv is 189k50 dsec ,  
and shallower than 30 m it is 160232 d s e c .  Consequently, 
areas underlain by thick Capilano glaciomarine deposits in the 
Fraser Lowland may generally be in NEHRP site class E, 
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Fig. 4. SCPT profile in Victoria Clay (Capilano glaciomarine 
silt) and Salish organic deposits; Rf =friction ratio, qt=tip 
resistance, Vs= shear-wave velocity. Note that the grey clay 
facies is normally consolidated where overlain by Salish 
organic deposits - qt and Vs increase with depth. Estimated 
Vs3, at this site is 167 d s e c  (NEHRP site class E), assuming 
Vs in bedrock=1500 d s e c .  
East of Langley, the stratigraphic equivalents of the Capilano 
Sediments include the Fort Langley Formation, which consists 
of glaciomarine silts, sands and gravels and till; and the 
overlying Sumas Drift, which consists of glaciofluvial sands 
and gravels and till (Fig. 2; Armstrong, 1981). At their 
western margin, these units include normally consolidated 
sediments (e.g. Campanella et al., 1994), and are likely to have 
similar Vs characteristics to the Capilano Sediments. 
However, W e r  to the east, these deposits have been 
overridden by progressively greater thicknesses of glacial ice 
(Armstrong, 1984), and their VS structure probably becomes 
more like that of the Older Pleistocene deposits. More data 
are necessary to understand the VS structure of the Capilano 
Sediments of the Fraser Lowland as well as their equivalents to 
the east. 
SALISH SEDIMENTS 
The Salish Sediments have been deposited since post glacial 
sea level became established close to its current position 
approximately 11,000 I4C years B.P. The most significant of 
these sediments volumetrically are the Holocene fluvial and 
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deltaic deposits of the Fraser River. The Salish Sediments also 
include alluvial fans, organic deposits, lacustrine deposits, 
coarse-grained alluvial and deltaic deposits of smaller rivers, 
shoreline sands, and marine muds (Fig. 2). 
Table 3: Vs in Salish Sediments. 
Stratigraphic Unit VsAV VsAV Vsl* v** 
d s e c  <30m d s e c  
d s e c  
Fraser River Delta DeDosits 
Deposits of the Fraser River delta reach a maximum known 
thickness of 305 m and can be subdivided into bottomset, 
foreset and topset deposits (Fig. 2; Clague et al., 1998). 
Bottomset deposits are up to 120 m thick and generally consist 
of silt and clay comparable to sediments currently being 
deposited in deep water of the Strait of Georgia. 
Foreset deposits are up to 165 m thick and consist of sandy 
silts, locally interbedded with sand-dominated units up to 30 m 
thick. Sand-dominated units are abundant in the foreset in the 
southern part of the delta, and occur locally near the top of the 
foreset elsewhere. 
The topset sharply overlies the foreset and thins westward 
from over 30 m at the head of the delta to less than 20 m at the 
western margin of the dyked upper delta plain. The topset is 
dominated by a lower massive sand facies that is generally 8 to 
30 m thick and has been interpreted to represent a complex of 
distributary channel deposits (Fig. 5 ;  Monahan et al., 1993). 
The massive sand facies is gradationally overlain by an 
interbedded sand and silt facies and an organic silt facies that 
together record the upward facies progression from channel to 
floodplain deposits.. ' The interbedded sand and silt facies and 
organic silt facies are each generally less than 4 m thick. 
However, the interbedded sand and silt facies locally thickens 
to a maximum of 20 m at the expense of the underlying 
massive sand facies in narrow linear trends that are interpreted 
to represent the fill of channels during their abandonment 
phase (Fig. 6). In addition, the organic silt facies is locally up 
to 12 m thick at several sites near the head of the delta. There, 
thick floodplain deposits accumulated during a period of sea 
level rise during the early and mid-Holocene (Fig. 7). Peat up 
to 8 m thick locally caps the organic silt facies (Monahan, et 
al., 1995; Clague et al., 1998; Monahan, 1999). 
Based on data &om surface to the base of the delta, Hunter et 
al. (1999) have shown that Vs in these sediments varies fiom 
90 to 500 dsec.  Vs increases with depth, so that in the upper 
30 m Vs is generally less than 250 dsec .  For this study, Vs 
data were examined ftom 54 SCPTs. In the foreset, Vs varies 
little with lithology between depths of 15 and 41 m. VSAV in 
the foreset is 207272 dsec ,  and shallower than 30 m, it is 
20 1225 d s e c  (Table 3). 
Fraser delta: foreset 207272 201225 
(n=456) (n=207) 
Fraser delta; topset, 191+39 190+39 167 0.32 (179234 
massive sand facies (n=906) (n=883) d s e c  
<20 m; 
n=6 12) 
Fraser delta; topset, 130229 130+29 141 0.23 (124226 
interbedded sand and (n=137) (n=137) d s e c  
silt facies < 1 Om; 
n=ll4) 
Fraser delta; topset, 9723 1 97+3 1 
organic silt facies (n=142) (n=142) 
Fraser delta; topset, 75232 75232 
peat facies (n=22) (n=22) 
Fraser River deposits 250237 239230 182 0.27 
(Chilliwack) "deltaic (n=150) (n=56) 
sand" 
Fraser River deposits 193223 193223 
(Chilliwack): (n=39) (n=39) 
lacustrine-equivalent 
sand and silt 
Fraser River deposits 192+28 192228 181 0.21 
(Chilliwack): active (n=5 1) (n=5 1) 
channel fill sand 
Fraser River deposits 260+43 260+43 
(Chilliwack): active (n=lS) (n=lS) 
channel fill gravel 
Fraser River deposits 122+33 122233 




Alluvial fan sand and 88217 88217 
silt (Chilliwack) (n=4) (n=4) 
Alluvial fan sand and 205241 205241 
gravel (Chilliwack) (n=3) (n=3) 
Sumas valley 168584 162280 158 0.30 
Lacustrine Deposits (n= 172) (n=15 1) 
Organic Deposits 76229 76229 
(n=9) (n=9) 
Organics and marl 96229 96229 
(n=7\ (n=7\ 
Coarse-grained delta 2752178 252+172 
deposits (n=20) (n=17) 
Shoreline sands 196+6 1 196+6 1 
(n=3 1) (n=3 1) 
Marine muds 143525 143225 
(n=4) (n=4) 
* normalized Vs, and ** Vs stress exponent; see equation 2 
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Fig. 5. SCPT profire in Fraser River delta, Rf =piction ratio, 
qt=tip resistance, V.= shear-wave velocity. Note well- 
developed massive sand facies, interpreted to represent 
distributaty channel deposits. The interbedded sand and silt 
unit normally seen between the massive sands and the organic 
silts is not present at this site, V.30 at this site is 182 d s e c  
(NEHRP site class 0). 
However, Vs does vary with facies in the topset (Figs. 5, 6, 7, 
and 8; Table 3). In the massive sand facies, VsAV is 191+39 
dsec ,  and shallower than 30 m it is 190239 d s e c  (179234 
shallower than 20 m). In the interbedded sand and silt facies, 
VsAV is 130+29 mlsec. The difference in V s A ~  between these 
facies is partly due to differences in depth. However, at 
similar depths, Vs in the interbedded sand and silt facies 
overlaps with the lower range of Vs in the massive sand facies 
(Fig. 8). In the organic silt facies, VSAV is 97+31 dsec ;  the 
upper part of this facies is commonly overconsolidated due to 
desiccation, so that Vs increases less sharply with depth than in 
other facies. Consequently, Vs values in the thick organic silts 
at the head of the delta are significantly below those at 
comparable depths in the other facies (Fig. 8). In the peat 
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Fig. 6. SCPTprofile in Fraser River delta, Rf =friction ratio, 
qt=t@ resistance, Vs= shear-wave velocity. Note thick 
interbedded sand and silt facies, interpreted to represent the 
fill of an abandoned developed channel. Vs3, at this site is 
I64 d s e c  (NEHRP site class E). 
Vs30 has been calculated by us at 42 SCPT sites on the delta. 
Where the interbedded sand and silt and the organic silt facies 
are each less than 4 m, as is the case for most of the delta, Vs30 
averages 171t14 d s e c  (n=35), so that these sites are in 
N E W  sites classes D and E and susceptible to moderate to 
high amplification (Fig. 5) .  At sites where the interbedded 
sand and silt facies or the organic silt facies are thick, Vs30 
averages 16125 d s e c  (n=2), and 131522 d s e c  (n=5) 
respectively, so that these sites are in NEHRP site class E and 
susceptible to high amplification (Figs. 6 and 7). 
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Fig. 7. SCPTprojle at the head of the Fraser River delta, Rf 
=piction ratio, qt=tip resistance, Vs= shear-wave velocity. 
Note thick organic silts at this site. These are interpreted to 
represent floodplain deposits that accumulated during the 
earb to mid-Holocene rise in sea level. Vs3, at this site is 138 
d s e c  (NEHRP site class E). 
Fraser River Deposits 
Sediments deposited by the Fraser River occur in three 
principal depocentres in the Fraser Lowland upstream fiom the 
delta (Armstrong, 1984). We have investigated the VS 
structure of these deposits in the easternmost of these in the 
Chilliwack area (Figs. 2 and 9; Levson et al., 1996% 1996b, 
1998). There, the deepest post-glacial sediments are in a sand 
unit between depths of 20 and 50 m. At the west end of the 
Chilliwack area, the top of this sand unit dips west beneath 
interbedded lacustrine sands and silts in the Sumas Valley, and 
the sand unit is interpreted to represent an early deltaic deposit 
Fig. 8 Fraser delta; plot of depth against VS for Vs 
measurements in the three facies of the topset, with trendlines; 
X= organic silt facies (Oz), =interbedded sand and silt 
facies (Sz), 0 = massive sand facies (MS). Note that Vs in the 
organic silt facies is generally lower than in the other facies, 
and the Vs in the interbedded sand and silt facies overlaps 
with the lower end of the range in the massive sand facies. 
of the Fraser River. The “deltaic sand” is commonly overlain 
by a few metres of sand and silt continuous with the Sumas 
Valley lacustrine deposits to the west. These deposits are 
overlain by deposits of formerly active channels of the Fraser 
River between 10 and 20 m thick. These active channel fill 
deposits are primarily in a gravel facies in the central and 
eastern parts of the Chilliwack area, and grade upwards 
through a sand facies to surficial floodplain silts, which are 
generally less than 4 m thick. In the western part of the area, 
the active channel deposits are entirely in the sand facies, and 
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similarly grade up into floodplain silts. AS in the Fraser River 
delta to the west, thicker accumulations of floodplain silt are 
locally preserved. In addition, the surficial silt locally thickens 
at the expense of the underlying active channel fill sands and 
gravels, forming deposits that are interpreted to represent the 
fill of channels during their abandonment phase. Locally peat, 
usually less than 3 m thick, caps the floodplain silts. 
VsAV in the “deltaic sand” is 250237, and shallower than 30 m 
it is 239230 d s e c  (Table 3). In the lacustrine-equivalent sand 
and silt VSAV is 193523 dsec .  In the active channel fill 
deposits of the Fraser River, VsAV is 192228 d s e c  in the sand 
facies, and 260243 d s e c  in the gravel facies. In the 
floodplain and abandoned channel silts, VsAv 122233 d s e c .  
Where the surficial silts are less than 4 m, Vs30 is 196 d s e c  at 
one site underlain by the sand facies of the active channel 
deposits, and 2 13 to 292 d s e c  at three sites underlain by the 
gravel facies. Consequently, these areas are in NEHRP site 
class D, and are susceptible to moderate amplification. 
However, at two sites where the thick floodplain silts and 
where thick abandoned channel silts occur, V S ~ ~  is 152 and 
173 d s e c  respectively, in NEHRP site class E and susceptible 
to high amplification. 
Alluvial Fans 
Vs data were available to us at only two sites on an alluvial fan 
(Fig. 9). The sites are on the distal part of the Vedder Fan, a 
gravel-rich deposit that has built over the Fraser River 
floodplain in the Chilliwack area. The fan sediments include a 
surfcia1 sand and silt unit a few metres thick, with a VsAV of 
88+17 dsec,  and a sand and gravel unit 3 m thick with a VsAV 
of 205241 dsec.  Vs increases sharply downward to over 250 
d s e c  in fan deposits shown in Fig. 9, probably due to a 
downward increase in gravel content and possibly density. 
The higher Vs measurements at the base of this unit are 
probably more representative of the proximal parts of this fan, 
where gravel thicknesses exceed 35 m (Levson et al., 1996a, 
1998). Consequently, thick alluvial fan deposits are likely to 
be in NEHRP site classes C or D, and susceptible to low to 
moderate amplification. However, at the site shown in Fig. 9, 
Vsso is 180 dsec ,  in N E W  site class DE, because the fan 
deposits overlie thick floodplain silts of the Fraser River 
system. More data are needed to understand the Vs structure 
of alluvial fans in the area. 
Sumas Valley Lacustrine Deposits 
In the Sumas Valley southwest of Chilliwack, interbedded 
sands and silts deposited in a lacustrine setting are at least 70 
m thick (Fig. 2; Cameron, 1989). VS data have been obtained 
in these deposits in 6 SCPTs to depths of 38 m. VsAv is 
168284 dsec,  and 162280 d s e c  at depths shallower than 30 
m (Table 3). Consequently, most of this area is in NEHRP site 
class E, susceptible to high amplification. 
Fig. 9. SCPTprofile in the Chilliwack area, at the eastern end 
of the Fraser Lowland, Rf =j?iction ratio, @=tip resistance, 
V.= shear-wave velocity. Note sequence of ”deltaic sand”,  
active channel deposits of the Fraser River, floodplain silts, 
and capping alluvial fan deposits. V S ~ ,  at this site is 180 
d s e c  (NEHRP site class D/E). 
Organic deposits 
In addition to capping fluvial and deltaic deposits of the 
modem Fraser River system, peat deposits occur in local 
depressions and in low-lying shoreline areas landward of 
beaches. Peat that occurs in topographic lows in the Victoria 
area usually overlies thick accumulations of the Victoria clay. 
In that area, VsAv in peat is 76229 d s e c ,  comparable to the 
VsAV in peat in the Fraser delta (75232 dsec.). 
Because peat deposits are generally thin, VS3,, at peat sites is 
generally dependent upon the underlying deposits. In the 
Fraser delta and in the Victoria area below 80 m elevation, 
peat sites are generally in NEHRP site class E, because of the 
underlying deltaic deposits or grey clay facies of the Victoria 
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clay. The significance of peat in these parts of the Victoria 
area is that the desiccated brown clay facies is absent due to 
the wet conditions and the grey clay facies is thick and 
normally consolidated (Fig. 4; Nasmith and Buck, 1998; 
Monahan et al., 1998, 2000b). Consequently, Vs30 is generally 
less where peat is present than in other Victoria clay sites. At 
upland sites, where the Victoria clay is absent, peat deposits 
overlie a few metres of sand or mud and then till or bedrock, 
and are not generally in NEHRP site class E ( Monahan et al., 
2000b). 
Vs data was obtained from an upland peat and marl site in the 
Chilliwack area, where the peat and soft lacustrine marl are 8 
m thick and have VsAV of 96529 dsec .  These deposits 
overlie dense slide debris and would be assigned to NEHRP 
site class D on the basis of Vs30, (235 d s e c ,  assuming Vs in 
the slide debris =500 dsec) ,  but could be assigned to NEHRP 
site class E on the basis of the soft clay (Levson et al., 1996b). 
Coarse-Grained Delta Deuosits 
Vs data in coarse-grained deltaic deposits are available to us at 
one site, in the Capilano River delta in North Vancouver. 
There, VsAV and Vs30 in a cased borehole are 275+178 d s e c  
and 2525172 d s e c  respectively. This site is in NEHRP site 
class D and is susceptible to moderate amplification. 
Shoreline Sands 
Vs data are available to us at two sites on shoreline sands on 
Vancouver Island. To a depth of 26 ms, VSAV is 196+61. 
Where the shoreline sands are close to 30 m thick, Vs30 
generally exceeds 180 d s e c ,  and these areas are in NEHRP 
site class D, susceptible to moderate amplification. However, 
where these deposits are thinner, Vs30 is dependent upon the 
underlying materials. At one site in Victoria, the beach sand 
overlies Holocene mud and the Victoria clay, and Vs30 is 153 
dsec ,  so that this site is in NEHRP site class E and 
susceptible to high amplification. Elsewhere, thin beach sands 
overlie bedrock, and the potential for amplification is much 
less. 
Marine Muds 
Holocene marine mud locally underlies onshore sites, 
particularly beneath modem beaches and artificial fills. At two 
sites in the Victoria area, VSAV is 143+25 d s e c  at depths up to 
13 m. At these sites the marine mud is a few metres thick. 
CONCLUSIONS 
Sufficient data exist to propose a Vs model for the near-surface 
deposits in southwestern British Columbia. In general, Vs in 
bedrock and Pleistocene deposits that have been overridden by 
glaciers generally exceeds 400 d s e c ,  so that little potential for 
amplification of ground motion due to soil conditions exits 
where these occur near the surface. 
However, Holocene and Late Pleistocene deposits that were 
not overridden by glaciers have average Vs between 75 and 
330 dsec ,  and where sufficiently thick are susceptible to 
moderate to high amplification of ground motion. 
Furthermore, in these deposits, the average Vs is strongly 
lithology dependent at depths shallower than 30 m. Average 
Vs in peat is 75 d s e c .  In silt and clay units, it is 97 to 160 
d s e c  in normally consolidated deposits and up to 201 d s e c  
in overconsolidated and sandy ones. In sands, average Vs is 
190 to 239 dsec ,  and in gravels it is 252 to 330 d s e c .  In the 
coarser grained deposits, average VS may also increase with 
age: Average Vs appears higher in the Late Pleistocene 
gravels than in the Holocene deposits. In Southern California, 
Vs in Quatemary sediments increases with both grain size and 
age (Fumal and Tinsley, 1985; Tinsley and Fumal, 1985). 
Additional data are necessary to adequately characterize 
several environments. These include bedrock; the Capilano 
raised deltas and beaches; the Capilano galciomarine silt and 
clay, Fort Langley Formation and Sumas Drift in the Fraser 
Lowland; Fraser River sediments between Chilliwack and the 
delta; fluvial and deltaic deposits of smaller river systems; 
alluvial fans; lacustrine deposits; and modern beaches. 
ACKNOWLEDGMENTS 
The shear-wave data used for this study were generated for the 
Geological Survey of Canada, the British Columbia Ministry 
of Transportation and Highways, the Geological Survey 
Branch of the British Columbia Ministry of Energy and Mines, 
and British Columbia Hydro and Power Authority. We greatly 
appreciate these data being made available to us for this and 
similar studies. The field testing was conducted by ConeTec 
Investigations, the Geological Survey of Canada, and the 
Ministry of Transportation and Highways. Figure 1 was 
drafted by Travis Ferbey. 
REFERENCES 
Armstrong, J.E. [ 198 11. “Post-Vashon Wisconsin Glaciation, 
Fraser Lowland, British Columbia. ” Geological Survey of 
Canada, Ottawa, Bulletin 322. 
Armstrong, J.E. [ 19841. “Environmental and Engineering 
Applications of the Surficial Geology of the Fraser Lowland, 
British Columbia. ” Geological Survey of Canada, Ottawa, 
Paper 83-23. 
Building Seismic Safety Council [1994]. “NEHRP 
recommended provisions for seismic regulations for new 
buildings Part I - Provisions. ” Federal Emergency 
Management Agency, Washington, D.C., 290 pages. 
PaperNo. 11.16 10 
Campanella R., Davies, M., Boyd, T., Everard , J., Roy, D., 
Tomlinson, S., Jackson, S., Schrempp, H., and Ricketts, B.D. 
[ 19941. “Hydrogeology of the Fraser Valley, In-Situ Testing 
for the Characterization of Aquifers: Demonstration Project. ” 
Geological Survey of Canada, Ottawa, Open File 2940. 
Cameron, V.J. [ 19891. “The Late Quaternary Geomorphic 
History of the Sumas Valley,” Unpublished M.A. thesis, 
Simon Fraser University, Burnaby, B.C. 
Clague, J.J. [1994]. “Quaternary stratigraphy and history of 
southwestem British Columbia,” in Geology and geological 
hazard of the Vancouver region, southwestern British 
Columbia, (J.W.H. Monger, ed.), Geological Survey of 
Canada, Ottawa, Bulletin 481, pp. 181-192. 
Clague, J.J., Lutemauer, J.L., Monahan, P.A., Edwardson, K.A., 
Dallimore, S.R., and Hunter, J.A., [ 1998aJ. “Quaternary 
stratigraphy and evolution,” in Geology and Natural Hazards 
of the Fraser River Delta, British Columbia, (J.J. Clague, J.L. 
Lutemauer, and D.C. Mosher, eds.), Geological Survey of 
Canada, Ottawa, Bulletin 525, pp 57-90. 
Fallows, S.J. [ 19941. “Upper Crustal Velocity Structure of the 
Southwestern Canadian Cordillera @om Explosion 
Recordings of the WCTN Earthquake Seismic Net.” 
Unpublished M.Sc. Thesis, University of Victoria, Victoria, 
B.C. 
Fumal, T.E., and Tinsley, J.C., [ 19851. “Mapping shear-wave 
velocities of near-surface geological materials,” in Evaluating 
Earthquake Hazard in the Los Angeles Region - An Earth 
Science Perspective, (J.I. Ziony, ed.), United States Geological 
Survey, Washington, DC, Professional Paper, 1360, pp. 127- 
150. 
Holland, S.S. [ 19761, “Landforms of British Columbia. ” 
British Columbia Department of Mines and Petroleum 
Resources, Victoria, B.C., Bulletin 48. 
Hunter, J.A. [1998]. “Shear wave velocity measurements for 
earthquake hazards studies, Fraser River delta, British 
Columbia,” in Proceedings of the Symposium on the 
Application of Geophysics to Environmental and Engineering 
Problems, March 22-27, Chicago, IL, (R.S. Bell, M.H. 
Powers, and T Larson, eds.), Environmental and Engineering 
geophysical Society, pp.459-469. 
Hunter, J.A., Burns, R.A., Good, R.L., and Pelletier, C. 
[1998a]. “A compilation of shear wave velocities and 
borehole geophysics logs in unconsolidated overburden of the 
Fraser River delta. ” Geological Survey of Canada, Ottawa, 
Open File 3622. 
Hunter, J.A., Douma, M., Burns, R.A., Good, R.L., Pullan, 
S.E., Harris, J.B., Lutemauer, J.L., and Best, M.L. [1998b]. 
“Testing and application of near surface geophysical 
techniques for earthquake hazards studies, Fraser River delta, 
British Columbia,” ,” in Geology and Natural Hazards of the 
Fraser River Delta, British Columbia, (J.J. Clague, J.L. 
Lutemauer, and D.C. Mosher, eds.), Geological Survey of 
Canada, Ottawa, Bulletin 525, pp. 123-145. 
Hunter, J.A., Christian, H.A., Harris, J.B., Britton, J.R., and 
Lutemauer, J.L. [ 19991. “Mapping Shear Wave Velocity 
Structure beneath the Fraser River Delta Sediments - 
Preliminary Results,” in Proceedings Eighth Canadian 
Conference on Earthquake Engineering, 13- 16 June, 1999, 
Canadian Association for Earthquake Engineering, pp. 10 1 - 
106. 
Klohn-Crippen Consultants Ltd. [ 19941. “Preliminary seismic 
microzonation assessment for British Columbia. ‘I Prepared for 
Resources Inventory Committee, Earth Sciences Task Force. 
Levson, V.M., Monahan, P.A., Meldrum, D.G., Matysek, P.F., 
Gerath, R.F, Watts, B.D., Sy, A., and Yan, L. [1996a]. 
“Surficial Geology and Earthquake Hazard Mapping, 
Chilliwack, British Columbia (92G/1 &W4),” in Geological 
Fieldwork 1995, (B.M Grant, and J.M. Newell, eds.), British 
Columbia Geological Survey, Ministry of Energy, Mines and 
Petroleum Resources, Victoria, B.C., Paper 1996-1, pp. 
191-203. 
Levson, V.M., Monahan, P.A., Meldrum, D.G., Sy, A., Yan, 
L. Watts, B.D., and Gerath, R.F [1996b]. “Preliminary 
Relative Earthquake Hazard Map of the Chilliwack Area 
showing areas of relative potential for liquefaction andor 
amplification of ground motion. ” British Columbia Geological 
Survey, Ministry of Employment and Investment, Victoria, 
B.C., Open File, 1996-25. 
Levson, V.M., Monahan, P.A., Meldrum, D.G., Watts, B.D., 
Sy, A., and Yan, L. [1998]. “Seismic Microzonation in the 
Pacific Northwest, with an example of earthquake hazard 
mapping in southwest British Columbia,” in A Paradox of 
Power: Voices of Warning and Reason in the Geosciences, 
(C.W. Welby, and M.E. Gowen, eds.), Geological Society of 
America, Boulder, Co., Reviews in Engineering Geology XII, 
pp. 75-88. 
Monahan, P.A. [ 19991. “The application of cone penetration 
test data to facies analysis of the Fraser River delta, British 
Columbia. ” Unpublished Ph.D. Dissertation, University of 
Victoria, Victoria, B.C.,. 
Monahan, P.A., Lutemauer, J.L., and Barrie, J.V., [1993]. “A 
delta plain sheet sand in the Fraser River delta, British 
Columbia, Canada”, Quaternary International, v. 20, pp. 27-38. 
Monahan, P.A., Lutemauer, J.L. and Barrie, J.V. [1995]. “The 
Geology of the CANLEX Phase I1 Sites in Delta and 
Richmond, British Columbia”, in Proceedings, 48th Canadian 
Geotechnical Conference, September 25-27 1995, Vancouver, 
B.C., Preprint Volume 1, Canadian Geotechnical Society, pp. 
PaperNo. 11.16 11 
59-68. 1360, pp. 10 1-126. 
Monahan, P.A. and Levson, V.M. [1997]. “Earthquake Hazard 
Assessment in Greater Victoria, British Columbia: 
Development of a Shear-Wave Velocity Model for the 
Quatemary Sediments,” in Geological Fieldwork 1996, (D.V. 
Lefebure, W.J. McMillan, and J.G. McArthur, eds.), British 
Columbia Geological Survey, Ministry of Employment and 
Investment, Victoria, B.C., Paper 1997-1, pp. 467-479. 
Monahan, P.A., Levson, V.M., McQuarrie, E.J., Bean, S.M., 
Henderson, P., and Sy, A. [1998]. “Seismic microzonation 
mapping in Greater Victoria, British Columbia, Canada,” in 
Geotechnical Earthquake Engineering and Soil Dynamics III, 
(P. Dakoulas, M. Yegian, and R.D. Holtz, eds.), American 
Society of Civil Engineers, Reston, VA, Geotechnical Special 
Publication No. 75, pages 128-140. 
Monahan, P.A., Levson, V.M., McQuarrie, E.J., Bean, S.M., 
Henderson, P., and Sy, A. [2000a]. “Relative Earthquake 
Hazard Map of Greater Victoria, showing areas susceptible to 
amplification of ground motion, liquefaction and 
earthquake-induced slope instability. I’ British Columbia 
Geological Survey, Ministry of Energy and Mines, Victoria, 
B.C., Geoscience Map 2000-1. 
Monahan, P.A., Levson, V.M., Henderson, P., and Sy, A. 
[2000b]. “Relative Amplrfication of Ground Motion Hazard 
Map of Greater Victoria. ” British Columbia Geological 
Survey, Ministry of Energy and Mines, Victoria, B.C., 
Geoscience Map 2000-3b. 
Nasmith H.W. and Buck, G.F. [1998]. “The engineering 
geology of the Greater Victoria area”, in Urban Geology of 
Canadian Cities, (P.F. Karrow and 0. White, eds.), Geological 
Association of Canada, St. John’s Nfld., pp. 21-38. 
Olsen, R.S. [ 19941. “Normalization and prediction of 
geotechnical properties using the cone penetrometer test 
(CPT). ” Unpublished Ph.D. dissertation, University of 
California, Berkeley, CA. 
Robertson, P.K., Woeller, D.J. and Finn, W.D.L. [1992]. 
“Seismic cone penetration test for evaluating liquefaction 
under seismic loading,” Canadian Geotechnical Journal, v. 29, 
pp. 686-695. 
Rogers, G.C. [1998]. “Earthquakes and earthquake hazard in 
the Vancouver Area,” in Geology and Natural Hazards of the 
Fraser River Delta, British Columbia, (J.J. Clague, J.L. 
Lutemauer, and D.C. Mosher, eds.), Geological Survey of 
Canada, Ottawa, Bulletin 525, pp. 17-25. 
Tinsley, J.C., and Fumal, T.E., [1985]. “Mapping Quatemary 
sedimentary deposits for areal variations in shaking response,” 
in Evaluating Earthquake Hazards in the Los Angeles Region 
-An Earth Science Perspective, (J.I. Ziony, ed.), United States 
Geological Survey, Washington, DC, Professional Paper, 
Woeller, D.J., Hunter, J.A., and Lutemauer, J.L. [1993]. 
“Results of SCPT and SASW Testing of the Fraser River delta 
sediments, British Columbia (92 G/2,3). ” Geological Survey 
of Canada, Ottawa, Open File 2714. 
Woeller, D.J., Hunter, J.A., and Lutemauer, J.L., [1994]. 
“Results of Seismic Cone Penetration Testing in the Fraser 
River Delta, February March, 1994. ” Geological Survey of 
Canada, Ottawa, Open File 2956. 
PaperNo. 11.16 12 
